Polyparasitism is common in human populations living in malaria-endemic areas. However, little is known about how concurrent infections affect the immune responses against malaria and in general. Such knowledge is of importance for the rational design and optimization of vaccination protocols and treatment programs. The immune response to the intraerythrocytic stages of malarial parasites has been best characterized in the rodent model of Plasmodium chabaudi chabaudi. In recent years, several investigators have provided evidence that cell-mediated immunity and humoral immunity act in concert or sequentially to control and clear a blood-stage malaria infection (24, 38, 40) . During the early phase of infection, both reactive nitrogen and reactive oxygen metabolites produced by nonspecific immune cells such as neutrophils and macrophages are believed to participate in controlling the primary parasitemia (32, 37) . This initial CD4 ϩ Th1 cell response is followed by a switch to Th2 cytokine production, stimulating antibody-dependent mechanisms involved in the final control and clearance of the parasite (24, 38, 40) .
Experimental Schistosoma mansoni infections are known to induce a strong Th2 type of response, as evidenced by the occurrence of high immunoglobulin E (IgE) and eosinophil levels. At the time point of egg production, approximately 5 weeks after infection, a Th2 response is seen in the host, with increased production of Th2 cytokines (interleukin-4 [IL-4], IL-5, and IL-10) and a concomitant downregulation in the secretion of Th1 cytokines (IL-2 and gamma interferon [IFN-␥]) (15, 31, 34) . Importantly, infected mice immunized with nonschistosomal antigens also exhibit downregulated Th1 cytokines and increased IL-4 secretion, indicating that the shift toward Th2 also extends to foreign antigens (2, 23) . The shift toward Th2 is believed to downmodulate the inflammatory response, induced by egg deposition, mainly in the liver, causing granuloma formation and tissue damage (13, 33) .
This study was performed to examine if the S. mansoniinduced Th2 type of response would prevent or inhibit the Th1 response required for the clearance of P. chabaudi, thus giving rise to a more severe disease and/or mortality, or alternatively whether the P. chabaudi-induced Th1 response would downregulate the response to S. mansoni.
Our data demonstrate that mice with a patent S. mansoni infection developed higher malaria parasitemias following infection with blood-stage P. chabaudi AS. In vitro stimulation experiments using spleen cells showed that tumor necrosis factor alpha (TNF-␣) production from mice with concurrent S. mansoni-P. chabaudi infection is impaired during the first week of the malaria infection. In contrast, the P. chabaudiinduced Th1 type of response, as measured by IFN-␥ production, was not affected by the S. mansoni infection. Thus, it is likely that the suppressed TNF-␣ production is a defect at the macrophage level. In addition, our data show that 6 days after P. chabaudi infection, both the proliferative and Th2-type cytokine responses to S. mansoni soluble egg antigen (SEA) as well as to anti-CD3 stimulation were suppressed and that the suppression was sustained up to 1 month after P. chabaudi infection. Similarly, the levels of anti-SEA antibodies were also significantly reduced during the course of the malaria infection.
MATERIALS AND METHODS
Animals and experimental infections. Female, 6-to 10-week-old C57BL/6 mice were purchased from B&K Universal (Sollentuna, Sweden). The animals were maintained in the animal facility at Stockholm University and supplied with food and water ad libitum. S. mansoni (Puerto Rican strain) cercariae were obtained from the Laboratory of Parasitology, Smittskyddsinstitutet (Stockholm, Sweden).
Blood-stage infection with P. chabaudi AS (kindly provided by D. Walliker, Edinburgh, United Kingdom) was maintained by weekly passages in naive mice. Experimental groups of mice were infected with 50 S. mansoni cercariae by percutaneous infection of abdominal skin (group A), 1 million P. chabaudiinfected erythrocytes intraperitoneally (group B), or S. mansoni plus P. chabaudi (group C). The S. mansoni infection was initiated 8 weeks before the P. chabaudi infection. Malaria parasitemia was monitored daily by examination of Giemsa (BDH, Poole, United Kingdom)-stained thin blood smears made from tail snips. Erythrocyte (RBC) counts were performed with a hematocytometer. Groups of mice were bled and killed at days 3, 6, 9, 12, 15, 22, and 30 after P. chabaudi infection for further examination.
Cell preparations and culture conditions. Single-cell suspensions from individual spleens were prepared at days 3, 6, 9, 12, 15, 22, and 30 after P. chabaudi infection from P. chabaudi-or P. chabaudi-S. mansoni-infected mice. Spleens from controls infected with S. mansoni only were also prepared at each time point.
Splenic RBC were lysed in an ammonium chloride-potassium carbonate buffer, and splenocytes were washed three times and resuspended in culture medium. In all cases, tissue culture medium was RPMI 1640 supplemented with 5% heat-inactivated fetal calf serum, HEPES (20 mM), L-glutamine (2 mM), 2-mercaptoethanol (0.05 mM; Life Technologies, Paisley, United Kingdom), and gentamicin (25 g/ml; Sigma, St. Louis, Mo.). Spleen cells were cultured at 37°C and 5% CO 2 in flat-bottomed 96-well microtiter plates (Costar, Cambridge, Mass.) at 5 ϫ 10 6 /ml in a final volume of 0.2 ml/well for cytokine measurement and at 2.5 ϫ 10 6 /ml (in 0.2 ml/well) for measurement of proliferation. Cells were stimulated with plate-bound anti-CD3 monoclonal antibody (MAb) 145-2C11 (50 l/well of 10 g/ml in phosphate-buffered saline; American Tissue Culture Collection [ATCC]), live P. chabaudi-parasitized RBC (pRBC) or normal RBC (nRBC) at a concentration of 10 6 /ml, or S. mansoni SEA (22) at a final concentration of 10 g/ml. All cultures were performed in triplicate. Proliferation was measured by pulsing 72-h cultures with [ 3 H]thymidine (1 Ci/well; Amersham, Little Chalfont, United Kingdom) during the last 12 h of culture. The cells were then harvested onto glass fiber filter papers, and [ 3 H]thymidine incorporation was determined by liquid scintillation counting. Supernatants (SN) were collected after 72 h for measurement of IFN-␥, IL-4, IL-5, or TNF-␣.
T-cell depletion experiments were carried out at days 6, 9, 12, 15, 22, and 30, by complement-mediated lysis using a cocktail of anti-Thy.1.2 (Cedarlane, Hornby, Ontario, Canada), anti-CD4 (MAb RL 172.4; ATCC), and anti-CD8 (MAb 3.155; ATCC) antibodies followed by complement treatment (Low-tox M baby rabbit complement; Cedarlane) and washings to remove cell debris. The efficiency of the depletion was 90 to 99%, as determined by flow cytometric analysis with phycoerythrin-labelled anti-CD3 (Pharmingen, San Diego, Calif.) antibody (data not shown).
Cytokine assays. IL-4 was measured in culture SN using the IL-4-sensitive cell line CT.4S (18), using 5,000 CT.4S cells per well. Proliferation was measured after 48 h by [ 3 H]thymidine incorporation for 12 h, and the amount of IL-4 was quantitated by comparison to proliferation induced by known amounts of IL-4 obtained from an IL-4-transfected cell line. Calibration of the IL-4 standard has been described elsewhere (22) . The sensitivity cutoff of the assay was between 4 and 8 U of IL-4 per ml in all experiments. Addition of anti-IL-4 MAb 11B11 (ATCC) to SN completely abrogated the proliferation of the CT.4S cells, demonstrating that the response was due to IL-4 (not shown).
IFN-␥ was measured by a two-site enzyme-linked immunosorbent assay (ELISA) using MAb HB170 (ATCC) as catcher antibody and a polyclonal rabbit anti-mouse IFN-␥ antibody (kindly provided by Alan Sher, National Institutes of Health) followed by a peroxidase-conjugated donkey anti-rabbit IgG (Jackson Immune Research Laboratories, West Grove, Pa.). The amount of cytokine was quantitated by comparison with standard curves of known amounts of recombinant IFN-␥ (rIFN-␥; Genzyme, Cambridge, Mass.). The sensitivity cutoff for the ELISA was 0.05 ng/ml. TNF-␣ and IL-5 were measured by two-site ELISAs.
TNF-␣ was analyzed with a Genzyme Duo-Set, and IL-5 was analyzed by using MAb TRFK-5 together with biotinylated TRFK-4 (ImmunoKontakt, Bioggio, Switzerland). rTNF-␣ and rIL-5 (Genzyme) were used as standards. The sensitivity cutoffs were 0.1 ng/ml for the IL-5 assay and 30 pg/ml for the TNF-␣ assay.
Parasite-specific IgM, IgG1, and IgG2a ELISAs. ELISA plates (Costar) were coated with S. mansoni SEA (5 g/ml) or P. chabaudi freeze-thawed crude lysate (16) in carbonate buffer (pH 9.6). The plates were coated overnight at 4°C, and the wells were blocked with 10% fetal calf serum in phosphate-buffered saline for 3 h at 37°C. Each serum was assayed in a series of dilutions from 1:100 to 1:1,000,000 and incubated on the plates in duplicate overnight at 4°C. Antibody binding was detected by using alkaline phosphatase-conjugated anti-murine IgM ( specific; Sigma) or IgG1 or IgG2a (␥1 or ␥2a specific; Southern Biotech, Birmingham, Ala.). The optical density (OD) values were plotted for each individual serum and found to be on a linear slope for all sera in each assay when dilutions of 1:1,000 for SEA-specific IgG1 or IgG2a, 1:10,000 for SEA-specific IgM, and 1:1,000 for P. chabaudi-specific IgG1, IgG2a, or IgM antibodies were used. No cross-reactivity between SEA and P. chabaudi antigen was observed when sera from S. mansoni-only-infected mice were analyzed with P. chabaudi antigen, and vice versa (data not shown).
Statistical analysis. Student's t test was used for assessing statistical significance. A probability of less than 0.05 was considered significant in comparisons of results between P. chabaudi-infected and P. chabaudi-S. mansoni-infected mice or between S. mansoni-infected and P. chabaudi-S. mansoni-infected mice.
RESULTS
P. chabaudi-S. mansoni-coinfected mice develop higher P. chabaudi parasitemia and exhibit lower RBC counts during malaria infection. Mice with and without an 8-week S. mansoni infection were infected with 10 6 blood-stage P. chabaudi parasites, and the malaria parasitemia was monitored on Giemsastained thin blood smears. Mice with a concurrent S. mansoni infection developed a significantly higher malaria parasitemia than mice infected with P. chabaudi alone (Fig. 1A) . Parasitemia developed faster in the coinfected mice, being 12.5% Ϯ 0.5% (mean Ϯ standard error of the mean [SEM]) on day 5, compared to 3.09% Ϯ 0.3% in the P. chabaudi-only-infected group (P ϭ 0.0001). The levels of parasitemia in double-infected and malaria-only-infected groups at day 6 were 42.7% Ϯ 2.5% and 23.0% Ϯ 1.6%, respectively (P ϭ 0.0001). The parasitemia peaked at day 7 for both groups but was significantly higher in the coinfected mice (48.0% Ϯ 3.2% versus 42.1% Ϯ 1.1%; P ϭ 0.04). Thereafter, the malaria parasitemia slowly declined, remaining higher in the double-infected group until becoming undetectable on day 12 after P. chabaudi infection for both groups (P ϭ 0.01 for days 8, 9, and 10). Some of the mice with concurrent S. mansoni-P. chabaudi infection died during the course of the malaria infection. The deaths occurred at peak parasitemia or shortly thereafter. The frequencies of deaths were 13.3% (2 of 15), 10% (2 of 20), and 7.5% (3 of 40) in three separate experiments, while none of the P. chabaudi-only-infected mice died. The double-infected mice showed significantly lower RBC counts during and after peak 
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parasitemia than the group with malaria only ( Fig. 1B ; P Ͻ 0.05 for days 5, 8, and 10). There was no significant difference in RBC counts between mice with and without S. mansoni infection at the initiation of P. chabaudi infection (Fig. 1B, day  0) . P. chabaudi infection suppresses anti-SEA antibody responses in S. mansoni-infected mice. To analyze the effect of malaria challenge on antibody production in the S. mansoni-P. chabaudi-infected mice, sera were collected from mice in the experimental groups at various time points and analyzed individually in ELISA against SEA or P. chabaudi antigen.
As can be seen in Fig. 2 , both IgG and IgM antibody responses to SEA were lower in mice with concurrent S. mansoni-P. chabaudi infection than in mice infected with S. mansoni only. The IgG1 levels were significantly reduced at day 3 after P. chabaudi infection and remained lower than in the S. mansoni-only-infected group up to 15 days after malaria infection ( Fig. 2A ; P Ͻ 0.05 for days 3 through 12). The IgG2a levels, normally low during S. mansoni infections, were reduced or unaffected (Fig. 2B) . The IgM levels were normal at day 3 after malaria infection but then declined and remained significantly lower until day 30 postinfection ( Fig. 2C ; P Ͻ 0.05 for days 6 through 22).
The antibody response to P. chabaudi is mainly of the IgM type during the early phase of the infection. As can be seen in Fig. 2F , the S. mansoni-P. chabaudi-infected mice generally showed higher levels of P. chabaudi-specific IgM antibodies throughout the experiment than the mice infected with P. chabaudi only (P ϭ 0.02 on days 9 and 12). Also, the levels of IgG1 were significantly higher in the mice with concurrent infections during the first weeks of the malaria infection ( Fig. 2D ; P Ͻ 0.01 for days 3 through 15), while no obvious difference was observed for malaria-specific IgG2a (Fig. 2E) . Sera from mice with S. mansoni infection only did not react with P. chabaudi antigen (data not shown).
S. mansoni-infected mice show suppressed SEA-and anti-CD3-induced proliferation after challenge with P. chabaudi. Spleen cell cultures from individual mice were analyzed for proliferative capacity at various time points during malaria infection. The cultures were stimulated with pRBC, nRBC, SEA, or plate-bound anti-CD3. The background proliferation in medium alone was between 800 and 2,000 cpm for all cultures. The data presented in Fig. 3A show that the proliferative response to pRBC was generally low or nonexistent during the first 30 days of P. chabaudi infection and that there was no significant difference between the S. mansoni-P. chabaudi-infected and P. chabaudi-only-infected mice. The response to SEA by cells from double-infected mice (Fig. 3B) was slightly elevated on day 3 after malaria infection but then significantly lower during the course of malaria infection than in mice infected with S. mansoni only (P Ͻ 0.05 for days 6 through 15). Spleen cells from mice with only P. chabaudi infection did not respond to SEA stimulation, nor did they respond to nRBC (data not shown). When anti-CD3 antibodies were used as a measure of total T-cell proliferation, a clear malaria-induced immunosuppression was seen (Fig. 3C ). Both mice with concurrent infection as well as mice infected only with P. chabaudi showed reduced proliferative responses during days 9, 12, and 15. Restoration of proliferative capacity was detected at days 22 and 30, in concordance with results published by others (3).
S. mansoni-induced Th2 cytokine production is suppressed after P. chabaudi challenge. To investigate if the malaria-induced suppressed proliferative responses seen in the S. mansoni-P. chabaudi-infected mice was also reflected in cytokine production, we analyzed the in vitro production of IL-4 and IL-5 in 72-h SN from spleen cell cultures stimulated with Fig. 4 , both IL-4 production and IL-5 production in response to SEA were significantly reduced in S. mansoni-P. chabaudi-infected mice (P Ͻ 0.05 for IL-4 at days 6 and 9; P Ͻ 0.05 for IL-5 at day 9) (Fig. 4A and C) . In response to anti-CD3, the IL-4 levels were not affected whereas the levels of IL-5 were severely reduced (P Ͻ 0.05 at days 6 to 15). No IL-4 or IL-5 was detected in cultures of T-depleted spleen cells, indicating that the cytokine responses were T cell dependent (data not shown).
Only very low levels of IL-4 were detected in response to pRBC in both groups of mice, and no IL-5 in response to pRBC could be detected at any time point (data not shown).
P. chabaudi-induced Th1 cytokine production is not affected in S. mansoni-infected mice. A P. chabaudi infection is characterized by an early Th1 type of response (IFN-␥ production).
To investigate if the dominant Th2 response in mice with patent S. mansoni infection would affect the P. chabaudiinduced Th1 response, we analyzed IFN-␥ in 72-h SN from spleen cell cultures stimulated with pRBC, nRBC, SEA, or plate-bound anti-CD3. As can be seen in Fig. 5A , during the course of malaria infection, similar levels of IFN-␥ in response to pRBC were seen in mice with concomitant infection and in mice with P. chabaudi infection only. The IFN-␥ responses were also similar in the two groups when anti-CD3 was used for stimulation. The malaria-induced immunosuppression was evident on days 9, 12, and 15 compared to the S. mansoni-onlyinfected controls (Fig. 5B) . No IFN-␥ production in response to nRBC was detected at any time, and the levels of SEAinduced IFN-␥ in S. mansoni-infected mice were very low and not affected by a concurrent P. chabaudi infection (data not shown).
No IFN-␥ was detected in the culture SN when T-depleted spleen cells were used at days 6, 9, 12, 15, 22, and 30, indicating that the cytokine was T cell dependent at these time points (data not shown).
Reduced TNF-␣ production in mice with concomitant S. mansoni-P. chabaudi infections. TNF-␣, probably produced by malarial antigen-activated macrophages, has been shown to reduce parasitemia and protect mice against lethal malaria infection (5, 21). Therefore, we investigated the levels of TNF-␣ in spleen cell supernatants after stimulation with pRBC, nRBC, and anti-CD3.
The data revealed significantly lower TNF-␣ production in response to both pRBC as well as anti-CD3 stimulation in the mice with concomitant S. mansoni-P. chabaudi infection compared to the malaria-only-infected mice at days 3 and 6 after P. chabaudi infection (Fig. 6) . At day 3, the response to pRBC was two times higher in the P. chabaudi-only-infected group (414 Ϯ 31 pg/ml versus 213 Ϯ 23 pg/ml; P Ͻ 0.05). No TNF-␣ was detected in response to nRBC at any time (data not shown). The response to anti-CD3 was fourfold higher at day 3 (1,310 Ϯ 450 pg/ml versus 352 Ϯ 81 pg/ml) and twofold higher at day 6 (605 Ϯ 121 pg/ml versus 278 Ϯ 35 pg/ml) in the P. chabaudi-only-infected mice than in the S. mansoni-P. chabaudi-infected group (P Ͻ 0.05 for both time points) (Fig. 6 ). After day 6, levels of TNF-␣ were again comparable in the two groups (Fig. 6 ).
DISCUSSION
The effects of concomitant infections on the development as well as the maintenance of an immune response remain largely unknown. The murine models of P. chabaudi AS and S. mansoni have been well studied and characterized in terms of both cell-mediated immunity and humoral immunity. Thus, the two models should be ideal for studying the interaction between two different parasitic infections with regard to parasite-specific immune responses. In this report, we demonstrate that concurrent infection with two parasites, a Th2-inducing helminth and a Th1-inducing protozoan, severely alters the development of an immune response as well as affecting already established responses.
Recent studies have demonstrated that Trichuris muris-susceptible mice can be made resistant by a concurrent S. mansoni infection (6) . Little information regarding concurrent S. mansoni and malaria infections has been published. Some years ago, Lewinsohn (27) demonstrated no effect on the percentages of malaria parasitemia or the development of anemia in mice infected with both S. mansoni and P. berghei. Lwin et al. (28) used several different malaria strains and isolates and obtained variable results, depending on the strains used. No information is available with regard to cytokine or antibody analysis in mixed infections involving Plasmodium species.
Blood-stage P. chabaudi AS infection is normally nonlethal in C57BL/6 mice, with a peak parasitemia of approximately 30 to 40% around days 7 to 9 when an infectious inoculum of 10 6 pRBC is used. In resistant mice, the early acute stage is accompanied by the activation of inflammatory CD4 ϩ T cells, which induces macrophages to produce reactive oxygen and nitrogen and leads to enhanced phagocytosis involved in the elimination of intraerythrocytic parasites (20, 36, 39) . In both 
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P. chabaudi and P. yoelii, spleen macrophages have been shown to exhibit increased oxidative activity during the early phase of infection, indicating the importance for macrophage activation in murine malaria (10, 19, 43) . The inflammatory response is then replaced by a Th2 type of response, as evidenced by production of IL-4 and a subsequent activation of B cells and antibody production necessary for complete clearance of the parasites (24, 25, 40) . The immune response to patent S. mansoni infection is generally directed into a systemic Th2 type of response at the onset of egg production, with elevated production of IL-4, IL-5, and IL-10 in response to SEA as well as nonparasite antigens (15, 23, 31, 34 ). The present study was undertaken to investigate if an S. mansoni-directed Th2 response would affect the development of the protective Th1 immune response to P. chabaudi in resistant mice, and vice versa.
Thus, 8-week S. mansoni-infected mice were challenged with P. chabaudi, and cellular and humoral responses were monitored during the development and clearance of the malaria infection. Mice with a patent S. mansoni infection normally exhibit high serum levels of SEA-specific IgG1 and low levels of IgG2a antibodies, consistent with the Th2-type response (11, 23) . In the present study, serum antibody analysis revealed a striking effect of the malaria infection on the levels of anti-SEA antibodies. Thus, the levels of SEA-specific IgG1, IgG2a, and IgM were decreased as early as 3 days after P. chabaudi infection and during the following 2 to 3 weeks. IgM levels were still normal at this time point but decreased from day 6 onward, time points that coincide with the strong immune suppression seen during the malaria infection. The decrease in circulating SEA-specific antibodies may be due to IFN-␥ production, known to influence B-cell differentiation and Ig production (11, 35) , or an increased turnover of plasma cells or antibodies. However, mice with concurrent infections exhibited higher levels of circulating anti-P. chabaudi IgM and IgG1 antibodies. This finding indicates that there is no general decrease in B-cell activity; rather, the B-cell repertoire is focused on the acute malaria infection and not on the patent S. mansoni infection. The rapid decrease in anti-SEA IgG antibodies during the early inflammatory response could be due to a malaria-induced increase in Fc-␥ receptor expression, involved in the elimination of the antibodies from the circulation. Increased Fc-␥ receptor expression has been found in mice with bacterial, viral, and parasitic infections (41) , in humans with P. falciparum malaria (17, 42) , and in mice with P. chabaudi adami infection (26) . An alternative explanation could be a defect at the T-cell level. Our in vitro experiments showed reduced T-cell responses in mice with concurrent S. mansoni-P. chabaudi infection with regard to both proliferation and IL-4 and IL-5 production during weeks 1 and 2 of the malaria infection. The suppression was evident also in anti-CD3-stimulated cultures except for the IL-4 production that was not suppressed in the double-infected mice. The differences seen in IL-4 and IL-5 production might indicate distinct cellular sources for production of these cytokines.
Our data demonstrate that a murine P. chabaudi malaria infection clearly affects the in vivo antibody levels as well as the in vitro cytokine response to S. mansoni antigen in mice with patent S. mansoni infection. Since we did not examine S. mansoni pathology during these experiments, we do not know if the changed immune response affected the pathogenesis of S. mansoni. Interestingly, P. yoelii infections have been reported to reduce granuloma formation in the lungs of mice injected with S. mansoni eggs, indicating that the malaria infection may influence granuloma formation in vivo (1) . Further studies on granuloma size and worm burden will be needed to establish the effects of concomitant S. mansoni-malaria infection on schistosomal pathology.
Mice carrying a patent S. mansoni infection and infected with blood-stage P. chabaudi parasites developed a more rapid and severe course of malaria, indicative of a defect in the initial control mechanism. A low but consistent number (around 10% in three separate experiments) of double-infected animals died during each experiment. The mice with concomitant infections showed significantly reduced RBC counts during the acute phase of malaria compared to mice with P. chabaudi only; thus, the deaths may have been due to severe anemia. The reasons for the reduced RBC counts are unknown but likely associated with the increased malaria parasitemia and subsequent destruction of RBC. The frequency of mortality is not striking, but it may be of interest to continue to study the effects of infection dose, inoculation route, etc., in order to elucidate this potentially important factor.
In resistant mice, blood-stage P. chabaudi infections are dependent on a Th1 type of response during the first phase of infection (24, 38, 40) . Thus, the elevated parasitemias seen in S. mansoni-P. chabaudi-infected mice compared to P. chabaudi-only-infected mice could perhaps be explained by a Th2-mediated inhibition of the P. chabaudi-induced Th1 response. To investigate this possibility, we measured IFN-␥ production from double-or P. chabaudi-only-infected mice. The results revealed that spleen cells from mice with concomitant S. mansoni-P. chabaudi infection produced similar levels of IFN-␥ in response to both pRBC and anti-CD3 stimulation. Thus, there was no inhibition of the early P. chabaudi Th1 type of response in mice with patent S. mansoni infections.
Another explanation for the increased malaria parasitemia seen in the coinfected mice could be a defect in the capacity of the macrophages to produce TNF-␣, known to reduce malaria parasitemia in both mice and humans and to enhance survival in mice (5, 20, 21) . Our in vitro cytokine data demonstrated a reduced production of TNF-␣ in response to both pRBC and anti-CD3 in double-infected mice. Since macrophages are believed to be the major source for this early TNF-␣ production, the decreased levels are likely to represent a suppression at the macrophage level. We examined the TNF-␣ response after anti-CD3 stimulation because with this stimulation, the levels of IFN-␥ were similar between the two experimental groups; hence, the levels of IFN-␥-induced TNF-␣ should be similar. However, despite elevated levels of IFN-␥, no increase in TNF-␣ was detected in the mice with concomitant infection. This suggests that the macrophages from S. mansoni-P. chabaudi-infected animals are nonresponsive to IFN-␥ stimulation and may thus not be fully functional.
The downregulated IFN-␥ responsiveness of macrophages in mice with concomitant S. mansoni-P. chabaudi infection is unknown but might be caused by Th2 cytokines such as IL-4, IL-10, and transforming growth factor ␤, all known to be potent macrophage suppressors. Modes of action have been shown to involve inhibition of the upregulation of costimulatory molecules such as B7 (9), downregulation of major histocompatibility complex class II molecules (8) , or inhibition of macrophage-derived cytokine production (4, 7, 12) . It has been shown that in S. mansoni infection, IL-10 inhibits IFN-␥-activated macrophage killing by blocking TNF-␣ production, necessary for the IFN-␥-induced activation (14, 30) . This mechanism has been suggested to be an important strategy for the parasite to evade macrophage-mediated immune destruction.
Taken together, one likely explanation for the increased parasitemias seen in mice with concomitant S. mansoni-P. chabaudi infection might be an S. mansoni-induced suppression of macrophage activation, probably through IL-10 and possibly also IL-4 and/or transforming growth factor ␤ (14, 29, 30) . This would lead to an inability of the macrophages to respond to IFN-␥ and thus a defect in their capacity to kill pRBC at an early stage. Attempts to analyze the macrophage-derived product nitric oxide (NO) in spleen cell culture supernatants revealed no differences in NO levels between single-and doubleinfected mice (data not shown). The reason for this is probably that in whole spleen cultures, cell types in addition to macrophages are responsible for the NO production. Thus, to determine NO production at the macrophage level, we are in the process of analyzing purified macrophage cultures.
In conclusion, our data show that two parasitic infections, Th2-dominated S. mansoni infection and acute Th1-dependent blood-stage P. chabaudi infection, when present concomitantly in experimental mice, severely affect the immune response to each other. (i) Blood-stage P. chabaudi malaria suppresses proliferative and Th2 cytokine responses to SEA as well as reducing the serum levels of SEA-specific IgG and IgM antibodies. (ii) Mice with concurrent S. mansoni-P. chabaudi infection develop a more rapid and higher-level malaria parasitemia in the blood. Patent S. mansoni infection does not inhibit the P. chabaudi Th1 response but renders macrophages nonresponsive to IFN-␥ stimulation, as reflected by decreased TNF-␣ production in vitro. Further studies using purified macrophage cultures will provide more detailed information about the modes of action and the involvement of different cytokines in this important aspect of immune regulation of concomitant S. mansoni-P. chabaudi infection.
